Neurons release endocannabinoids from their dendrites to trigger changes in the probability of transmitter release. Although such retrograde signaling has been described for principal neurons, such as hippocampal pyramidal cells and cerebellar Purkinje cells (PCs), it has not been demonstrated for local interneurons. Here we tested whether inhibitory interneurons in the cerebellum, stellate cells (SCs) and basket cells, regulate the strength of parallel fiber (PF) synapses by releasing endocannabinoids. We found that depolarizationinduced suppression of excitation (DSE) is present in both SCs and basket cells. The properties of retrograde inhibition were examined more thoroughly for SCs. Both DSE and synaptically evoked suppression of excitation (SSE) triggered with brief PF bursts require elevations of postsynaptic calcium, are blocked by a type 1 cannabinoid receptor (CB1R) antagonist, and are absent in mice lacking the CB1R. SSE for SCs is similar to that described previously for PCs in that it is prevented by BAPTA and DAG lipase inhibitors in the recording pipette; however, unlike in PCs, NMDA receptors (NMDARs) play an important role in SSE for SCs. Although SCs express CB1Rs postsynaptically, neither high-frequency firing of SCs nor PF bursts lead to autocrine suppression of subsequent SC activity. Instead, PF bursts decrease the amplitude of disynaptic inhibition in PCs by evoking endocannabinoid release that transiently reduces the ability of PF synapses to trigger spikes in SCs. Thus, local interneurons within the cerebellum can release endocannabinoids through metabotropic glutamate receptor-and NMDAR-dependent mechanisms and contribute to use-dependent modulation of circuit properties.
Introduction
Endocannabinoids are retrograde messengers that allow neurons to dynamically regulate synaptic strength Diana and Marty, 2004; Chevaleyre et al., 2006) . Depolarization of postsynaptic cells leads to large calcium increases that evoke endocannabinoid release and suppression of inhibitory or excitatory synapses (Kreitzer and Regehr, 2001a,b; Maejima et al., 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001 ). In addition, synaptic activation with brief bursts can evoke endocannabinoid release and lead to synaptically evoked suppression of excitation (SSE) (Brown et al., 2003; Melis et al., 2004; Brenowitz and Regehr, 2005) . SSE usually requires both activation of postsynaptic metabotropic receptors and modest dendritic calcium increases (Brown et al., 2003; Brenowitz and Regehr, 2005; Hashimotodani et al., 2005; Maejima et al., 2005) . For SSE and depolarization-induced suppression of excitation (DSE), endocannabinoids released from the postsynaptic cell act retrogradely to reduce the probability of neurotransmitter release by activating type 1 endocannabinoid receptors (CB1Rs) expressed on presynaptic boutons.
The observation that many types of neurons express CB1Rs on their presynaptic terminals suggests that retrograde signaling plays an important role throughout the brain (Egertova and Elphick, 2000; Chevaleyre et al., 2006) . Indeed, CA1 pyramidal cells, cerebellar Purkinje cells (PCs), and numerous other principal cells all release endocannabinoids that lead to short-and long-term changes in synaptic strength (Chevaleyre et al., 2006) ; however, because CB1Rs are activated by several types of endocannabinoids that are synthesized by diverse pathways (Piomelli, 2003; Bisogno et al., 2005) , it is unclear which cell types can release endocannabinoids. Studies in hippocampal interneurons have failed to demonstrate retrograde signaling by endocannabinoids (Hoffman et al., 2003; Patenaude et al., 2005) , whereas one type of neocortical interneuron has been shown to synthesize endocannabinoids to regulate its own firing in an autocrine manner (Bacci et al., 2004) . Thus, little is known about the role of retrograde signaling in different types of interneurons.
Here we examine retrograde signaling from local interneurons in the cerebellum and the regulation of parallel fiber (PF) synapses formed by granule cells. We focus on baskets cells (BCs) and stellate cells (SCs) that are located within the molecular layer of the cerebellar cortex and provide inhibitory input predominantly to PCs (Palay and Chan-Palay, 1974) . We find that these interneurons release endocannabinoids and regulate PF synapses in response to either postsynaptic depolarization or synaptic activation. The properties of DSE and SSE are similar in many ways to those observed at synapses onto other cell types, including the PF to PC synapse; however, SSE at PF to SC synapses differs in that NMDA receptors play an important role in endocannabinoid release. One functional consequence of SSE is that activation of PF synapses with a burst transiently reduces the ability of PF synapses to trigger spikes in SCs, thus reducing the magnitude of feedforward inhibition of their postsynaptic targets.
Materials and Methods
Tissue preparation. Sprague Dawley rats [postnatal day 14 (P14) to P18] were anesthetized with halothane and decapitated, and transverse cerebellar slices (250 m) were obtained. For some experiments, slices were obtained from CB1 receptor-deficient C57BL/6J mice (Zimmer et al., 1999) or wild-type mice (P15-P18). Slices were cut in a sucrosecontaining solution consisting of (in mM) 81.2 NaCl, 23.4 NaHCO 3 , 69.9 sucrose, 23.3 glucose, 2.4 KCl, 1.4 NaH 2 PO 4 , 6.7 MgCl 2 , and 0.5 CaCl 2 . Slices were incubated at 32°C for 30 min and then transferred for 30 min at 32°C to a saline solution consisting of the following (in mM): 125 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 25 glucose, 2 CaCl 2 , and 1 MgCl 2 . For experiments examining changes in paired-pulse facilitation (PPF), calcium was increased to 4 mM to reduce baseline PPF. Experiments were performed at 33Ϫ34°C with an in-line heater (Warner, Hamden, CT); the bath was superfused with saline solution at 3-4 ml/min by means of a Minipulse 3 pump (Gilson, Middleton, WI).
Electrophysiology. Whole-cell recordings with pipettes of 1-1.5 M⍀ (PCs) or 2-3 M⍀ (SCs and BCs) were performed with differential interference contrast optics and a 60ϫ water immersion lens. For DSE experiments, the internal solution contained the following (in mM): 127 CsMeSO 3 , 10 CsCl, 10 HEPES, 0.5 EGTA, 2 MgCl 2 , 0.16 CaCl 2 , 2 Mg-ATP, 0.4 Na-GTP, 14 Tris-creatine phosphate, and 2 2(triethylamino)-N-(2,6-dimethyl acetamine (QX-314), adjusted to 310 mOsm. Where indicated, 20 mM BAPTA was added and replaced CsMeSO 3 . To examine disynaptic inhibition, PCs were voltage clamped at 0 mV, with an internal solution containing the following (in mM): 30 CsMeSO 3 , 35 CsCl, 20 CsBAPTA, 2 HEDTA, 15 HEPES, 0.2 EGTA, 1 MgCl 2 , 4 CaCl 2 , 15 TEA-Cl, 2 Mg-ATP, 0.3 Na-GTP, 10 Tris-creatine phosphate, and 2 QX-314, adjusted to 310 mOsm. For experiments in which endocannabinoid release was evoked synaptically, the internal solution contained the following (in mM): 130 KMeSO 3 , 10 NaCl, 10 HEPES, 0.5 EGTA, 2 MgCl 2 , 0.16 CaCl 2 , 4 Na 2 ATP, 0.4 NaGTP, and 14 Tris-creatine phosphate, adjusted to 310 mOsm. In some experiments, 20 mM BAPTA and 4 mM calcium were added to achieve a free calcium concentration of ϳ60 nM. Free calcium was calculated with the MaxChelator program (C. Patton, Stanford University, Stanford, CA). Recordings were obtained with an Axopatch 200B or Multiclamp 700A amplifier (Molecular Devices, Union City, CA). Parallel fibers were stimulated with glass electrodes (2-3 M⍀) filled with artificial CSF. All recordings except those described in Fig. 7J -L were performed in the presence of picrotoxin (20 M) to block GABA Amediated synaptic transmission. DSE experiments in SCs and BCs were performed in the presence of 250 nM 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX) to reduce EPSC amplitudes. For experiments in which endocannabinoid release was evoked synaptically (SSE), NBQX was omitted to maintain the physiological ratio of AMPA receptor to metabotropic glutamate receptor 1 (mGluR1). Furthermore, the GABA B receptor antagonist (2S)-3-{[(15)-1-(3,4-dichlorophenyl)ethyl]}amino-2-hydroxypropyl)(phenylmethyl) phosphinic acid (CGP 55845) (2 M) was added to prevent presynaptic inhibition associated with the activation of presynaptic GABA B receptors (Dittman and Regehr, 1997; Brown et al., 2003; Beierlein and Regehr, 2006) . SSE evoked by 10 stimuli at 50 Hz was 0.34 Ϯ 0.07 (n ϭ 9) in CGP 55845 compared with 0.32 Ϯ 0.08 (n ϭ 5) in control, indicating that CGP 55845 did not affect the extent of SSE. DSE and SSE trials were typically repeated once every minute. In experiments testing the role of DAG lipase, slices were incubated in 100 M 1,6-bis(cyclohexyloximinocarbonylamino) hexane (RHC-80267) for 1 h. Recordings were performed in the continued presence of 30 M RHC-80267. Data acquisition and analysis. Recordings were digitized at 20 kHz with a 16-bit analog-to digital converter (ITC-16; Instrutech, Port Washington, NY). All analyses were performed with custom macros written in Igor Pro (Wavemetrics, Lake Oswego, OR). Averages are given as mean Ϯ SEM. Statistics were performed with the unpaired or paired Student's t test. Differences were considered to be significant at p Ͻ 0.01.
Fluorescent images of neurons. High-resolution images of PCs, SCs, and BCs were obtained with two-photon laser scanning microscopy (2PLSM) by using a modified Olympus confocal microscope equipped with a Tisapphire pulsed laser (Coherent, Santa Clara, CA). For these experiments, sagittal slices (250 m) were cut and neurons were recorded with a current-clamp internal solution, supplemented with 100 M Alexa-594 (Invitrogen, Carlsbad, CA). Data were collected at an excitation wavelength of 810 nm with Fluoview software (Olympus). A 3 ϫ 3 median filter was applied to individual confocal images, and a z-stack was generated with a maximal intensity projection of the confocal series.
Results

DSE at PF synapses onto interneurons
We examined the effect of postsynaptic depolarization on PF synapses onto PCs, SCs, and BCs. Recordings from SCs and BCs were obtained from the outer and inner third, respectively, of the molecular layer. Both BCs and SCs had extensive axonal arborizations, but only BCs formed multiple axon collaterals in the PC layer (Fig. 1 D, G) (Palay and Chan-Palay, 1974) . Cells were voltage clamped at Ϫ70 mV with a cesium-based internal solution, and PFs were stimulated at 0.5 Hz before and after depolarization of the postsynaptic cell to 0 mV for 2 s. As shown previously, depolarization of PCs led to DSE (Kreitzer and Regehr, 2001a) of PF synapses that was blocked by application of the CB1R antagonist AM251 (2 M) to the bath ( Fig. 1 A-C) . DSE was also reliably observed in both types of interneurons. On average, depolarization of SCs and BCs led to a reduction in synaptic strength to 0.34 Ϯ 0.03 (n ϭ 11) and 0.30 Ϯ 0.10 (n ϭ 7) of control, respectively, that was completely blocked by AM251. For each type of synapse, representative EPSCs before and after postsynaptic depolarization are shown for control conditions ( Fig. 1 B , E,H, left) and in the presence of AM251 (Fig. 1 B , E,H, right) , and the time course of DSE is summarized (Fig. 1C, F, I ). These results establish that SCs and BCs can regulate PF synapses by releasing endocannabinoids. Similar to PCs, endocannabinoid release in SCs and BCs required an increase in postsynaptic calcium levels. When cells were recorded with an internal solution containing 20 mM BAPTA, EPSCs recorded 3 s after the beginning of a 2 s depolarization were 1.01 Ϯ 0.01 for SCs (n ϭ 5) and 0.98 Ϯ 0.02 for BCs (n ϭ 4), normalized to EPSCs evoked before depolarization, indicating that DSE was completely blocked.
Thus the ability to release endocannabinoids within the cerebellar cortex is not restricted to PCs. SCs and BCs are also capable of releasing endocannabinoids and transiently regulating their synaptic inputs.
Properties of DSE at PF synapses onto interneurons
Although the time course and the calcium dependence of DSE appeared to be similar at PF synapses onto PCs, SCs, and BCs, its magnitude was smaller for SCs and BCs than for PCs. To determine whether this was the consequence of a difference in the maximal extent of inhibition that could be achieved by CB1R activation at PF synapses onto the different postsynaptic targets, we compared the magnitude of inhibition induced by bath application of the CB1R agonist ( R)-(ϩ)- [2,3-dihydro-5-methyl-3-(4-morpholinylmethyl) pyrrolo[1,2,3-de)-1,4-benzoxazin-6-yl]-1-napthalenylmethanone (WIN 55,212-2; 2 M) for the three types of PF synapses. A typical experiment is shown in Figure 2 A for an SC. PF EPSC amplitudes were measured before (solid symbols) and after (open symbols) a 2 s depolarization, applied once per minute. DSE was prominent in control conditions. After bath application of WIN 55,212-2, synaptic strength was reduced to ϳ12% of control, and DSE was occluded. Application of AM251 (5 M) reversed the effect of WIN 55,212-2 on the EPSC amplitude and blocked DSE. Importantly, WIN 55,212-2 equally inhibited PF synapses onto PCs, SCs, and BCs (Fig. 2 B) . Thus the less pronounced DSE at PF synapses onto SCs and BCs compared with DSE at synapses onto PCs likely reflects differences in endocannabinoid release as opposed to differences in the expression of functional CB1Rs at these different synapses.
We also performed experiments to determine whether DSE at PF synapses onto BCs and SCs is mediated by a decrease in the probability of neurotransmitter release ( p). Previous studies of PF to PC synapses have shown that DSE arises from the release of endocannabinoids from PCs activating presynaptic CB1Rs that, in turn, reduce the probability of release by decreasing presynaptic calcium entry (Kreitzer and Regehr, 2001a; Brown et al., 2004) . A reduction in p is typically accompanied by an increase in paired-pulse ratio, as for DSE at the PF to PC synapse (Kreitzer and Regehr, 2001a) . We therefore examined whether DSE at PF synapses onto interneurons is also accompanied by a change in paired-pulse plasticity. PF synapses were stimulated with pairs of stimuli (20 Hz) under control conditions and 3 s after the postsynaptic cell was depolarized to 0 mV for 2 s. Before depolarization, PF synapses onto all postsynaptic targets exhibited similar paired-pulse facilitation ( Fig. 2 D) [PC, 1.91 Ϯ 0.19 (n ϭ 7); SC, 1.81 Ϯ 0.1 (n ϭ 10); BC, 1.89 Ϯ 0.13 (n ϭ 4)]. This suggests that PF synapses have approximately the same initial p regardless of the postsynaptic target. After depolarization, paired-pulse facilitation at PF to SC synapses was increased, as shown for a representative experiment in which the responses before and after depolarization were scaled to the peak of the first EPSC (Fig. 2C) . Across experiments, postsynaptic depolarization (DSE) and bath application of WIN 55,212-2 increased the paired-pulse ratio to 3.1 Ϯ 0.2 and 3.1 Ϯ 0.3, respectively, in PCs; to 2.6 Ϯ 0.2 and 3.1 Ϯ 0.2 in SCs; and to 2.6 Ϯ 0.2 and 2.9 Ϯ 0.2 in BCs (Fig. 2 D) . These data indicate that SCs and BCs can release endocannabinoids that activate presynaptic CB1Rs that, in turn, decrease the initial probability of release. Together, these findings suggest that DSE at PF to SC and PF to BC synapses is remarkably similar to DSE at PF to PC synapses.
SSE at PF synapses onto SCs
Granule cells fire bursts of action potentials in response to sensory stimulation (Chadderton et al., 2004) . Activation of the PF to PC synapse with brief highfrequency trains can lead to endocannabinoid release and retrograde inhibition (Brown et al., 2003; Brenowitz and Regehr, 2005) . It is not known whether realistic PF activity patterns also lead to endocannabinoid release and retrograde inhibition in cerebellar interneurons.
Here we tested whether synaptic activation leads to endocannabinoid release from SCs. Cells were recorded with a potassiumbased internal solution, and PF EPSCs evoked at 0.5 Hz were measured in voltage clamp at a holding potential of Ϫ70 mV. The recording was then switched into current-clamp mode to allow the cell to depolarize and generate action potentials, and PF synapses were activated with a train of 10 stimuli at 50 Hz. The recording was then switched back into voltage clamp, and 0.5 Hz test stimulation resumed. For these experiments, the stimulus intensity was adjusted to result in an average EPSC of 300 -400 pA, which corresponds to the synchronous activation of numerous PF inputs.
Brief synaptic bursts reliably led to retrograde inhibition at the PF to SC synapse (Fig. 3A) . Bath application of AM251 led to an enhancement of synaptic strength after the burst (Fig. 3B) , although the cell response evoked by the PF burst remained similar. This enhancement appeared to be presynaptic in nature and likely reflects a process similar to augmentation or post-tetanic potentiation (Zucker and Regehr, 2002; Brown et al., 2003) .
A comparison of the properties of SSE in PCs and SCs revealed many similarities (Fig. 3C) . Previous studies have found that SSE in PCs is dependent on both postsynaptic calcium elevations and mGluR1 activation, which lead to the activation of phospholipase C, the production of DAG, and its conversion to 2 arachidonylglycerol (2-AG) by DAG lipase (Brenowitz and under control conditions, pronounced SSE was observed for both PCs and SCs. For both cell types, bath application of AM251 not only eliminated retrograde inhibition but revealed strong enhancement. Moreover, inclusion of the calcium chelator BAPTA (20 mM) in the recording pipette prevented the transient retrograde inhibition. This indicates that a calcium increase in both PCs and SCs is required for synaptically evoked retrograde inhibition. Inclusion of the DAG lipase inhibitor THL (2 M) in the recording pipette also prevented retrograde inhibition. Similarly, bath application of the DAG lipase inhibitor RHC-80267 Figure 2 . Properties of DSE at synapses onto cerebellar interneurons. PFs were activated with paired pulses (50 ms interpulse interval) 17 s before and 3 s after the postsynaptic cell was depolarized to 0 mV for 2 s. The CB1R agonist WIN 55,212-2 (2 M) was bath applied, followed by the CB1R antagonist AM251 (5 M). Experiments were performed in 4 mM calcium. Effects on EPSC amplitude are shown in A and B, and changes in paired-pulse ratio are shown in C and D. A, A representative experiment is shown for PF to SC synapses; the average response before (black) and 3 s after (gray) depolarization is plotted for each condition (top), and the normalized EPSC amplitude is plotted as a function of time (bottom). B, Experiments as in A are summarized to compare the effects of depolarizing the postsynaptic cell in control conditions with the effects of WIN 55,212-2 on the magnitude of the EPSC for the various types of PF synapses. C, Representative average responses are shown for PF to SC synapses before depolarization (black traces) and 3 s after depolarization (gray traces). Responses are normalized to the first EPSC to allow comparison of the extent of facilitation before and after depolarization (the amplitudes of EPSC 1 before and after depolarization were 350 and 120 pA, respectively). D, Summary of the change of facilitation induced by depolarization, with the average paired-pulse ratio (PPR ϭ EPSC 2 /EPSC 1 ) in control conditions before depolarization (black bars), after depolarization in control conditions (white bars), and in the presence of WIN 55,212-2 (gray bars). WIN, WIN 55,212-2; norm., normalized. All treatments led to a significant reduction of SSE for both SCs and PCs ( p Ͻ 0.01; unpaired Student's t test). D, SSE at the PF to SC synapse in CB1R knock-out mice was significantly reduced compared with SSE at synapses in wild-type littermates ( p Ͻ 0.01; unpaired Student's t test). norm., Normalized. (Bisogno et al., 2003; Melis et al., 2004) greatly reduced the extent of retrograde inhibition for both PCs and SCs. Together, our results establish that SSE in SCs requires postsynaptic calcium increases and DAG lipase activation and is mediated by the release of 2-AG.
Thus far, our results suggest that endocannabinoids released from SCs inhibit transmitter release by acting on presynaptic CB1Rs; however, there is evidence for expression of other types of cannabinoid receptors (Breivogel et al., 2001; Hajos et al., 2001 ), some of which have not been characterized on a molecular level. To test the involvement of CB1Rs in mediating retrograde inhibition in SCs, we performed experiments in mice lacking CB1Rs (Fig. 3D) (Zimmer et al., 1999) . Here, conditioning trains reliably led to post-tetanic potentiation, whereas SSE was observed in wild-type mice. These results confirm that retrograde inhibition at SCs is indeed mediated by presynaptic CB1Rs.
Properties of endocannabinoid release and retrograde inhibition from SCs
The observation that SSE in SCs is sensitive to DAG lipase inhibitors suggests that endocannabinoid release from SCs is greatly reduced by inhibitors of mGluR1, as is the case for PCs; however, we found that although SCs express mGluR1 (Hamori et al., 1996; Karakossian and Otis, 2004) , bath application of the mGluR1 inhibitor CPCCOEt (100 M) had only a small effect on SSE (Fig. 4 A) . In these experiments, CPCCOEt was bath applied after stable SSE was obtained. CPCCOEt did not significantly alter the amplitude of the initial EPSC or the extent of SSE. This is apparent in the summary of five experiments (Fig.  4 A, left) , in the average synaptic currents from a representative experiment for control conditions, and in the presence of CPCCOEt (Fig. 4 A, right) , and in the summary of the time course of retrograde inhibition (Fig. 4 B) .
In light of the fact that NMDA receptors (NMDARs) are expressed on SCs but not PCs, we considered the possibility that activation of these receptors in SCs might mediate SSE. We found that application of the NMDAR antagonist CPP (5 M) alone had no effect on retrograde inhibition (Fig. 4C,D) ; however, coapplication of CPCCOEt and CPP prevented retrograde inhibition (Fig. 4 E, F ) without affecting the amplitude of the initial EPSC. Figure 4G compares the pharmacological sensitivity of SSE between PCs and SCs. Although the magnitude of SSE in control conditions was similar for both cell types, CPCCOEt had a major effect on retrograde inhibition in PCs (Fig. 4 H) but only a minor effect in SCs. Blocking both NMDARs and mGluR1s reduced retrograde inhibition at synapses onto SCs to a similar extent as blocking mGluR1 alone at synapses onto PCs. This indicates that, in contrast to PCs, SCs can release endocannabinoids in the absence of mGluR1 activation through an NMDAR-dependent mechanism.
SSE in SCs requires activation of numerous PF inputs
In SCs, both mGluR1s and NMDARs are expressed extrasynaptically (Carter and Regehr, 2000; Clark and Cull-Candy, 2002; Karakossian and Otis, 2004) , suggesting that the activation of numerous PF inputs resulting in glutamate pooling and spillover from the synaptic cleft is required for SSE. To test this hypothesis, we activated PF inputs with brief bursts as described above, but at lower stimulus intensities to recruit a smaller number of PF inputs. SSE was not detected under these conditions (Fig. 5A) ; instead, post-tetanic potentiation with a magnitude similar (1.77 Ϯ 0.15; n ϭ 7) to that produced by PF stimulation at higher intensities in the presence of AM251 (1.89 Ϯ 0.24) (Fig. 3B ) was observed (Fig. 5B) . This establishes that robust retrograde inhibi- tion from SCs requires synchronous activation of numerous inputs and implies that glutamate pooling and spillover are necessary for SSE in SCs, similar to what has been observed in PCs (Brown et al., 2003; Marcaggi and Attwell, 2005) . Moderate intensity stimulation was used for all of the following experiments.
Endocannabinoids released from SCs do not mediate self-inhibition
Previous studies have shown that SCs express CB1Rs on their postsynaptic membrane and that activation of these receptors, either by exogenous agonist application or by endocannabinoid release from nearby PCs, can lead to membrane hyperpolarization and a reduction of spontaneous firing . Therefore, endocannabinoids released from SCs themselves could mediate autoinhibition.
We first tested whether endocannabinoid release evoked by PF bursts sufficient to activate presynaptic CB1Rs can also reach postsynaptic CB1Rs. SCs are spontaneously active, and their rate of firing is highly sensitive to CB1R activation . We therefore examined the effect of PF bursts on spontaneous SC firing (Fig. 6 A-C) , which ranged from 5 to 15 Hz; however, aside from a brief pause in firing immediately after the conditioning burst, SC firing frequency remained unaffected by PF bursts.
Recent studies have shown that certain types of neocortical interneurons can regulate their own excitability via an endocannabinoid-mediated mechanism. After several trains of action potentials, low-threshold spiking (LTS) interneurons show a persistent hyperpolarization of their membrane potential that is blocked by intracellular BAPTA or AM251 in the bath (Bacci et al., 2004) . To test whether sustained high-frequency firing in SCs can mediate a similar form of self-inhibition, we evoked 10 trains of action potentials with depolarizing steps of 1 s duration, triggered every 20 s (Fig. 6 D) . Firing frequencies during the trains ranged from 20 to 40 Hz ( Fig. 6 E) ; however, in contrast to cortical LTS neurons, SCs did not show a long-lasting change in their membrane potential (Fig. 6 F) .
Together, these results suggest that endocannabinoid release from SCs does not lead to self-inhibition, despite the expression of functional postsynaptic CB1Rs.
Testing the functional consequences of endocannabinoid release from interneurons
To further examine under what conditions endocannabinoids can be released from SCs and to test potential functional consequences, we performed a series of experiments in which SCs were held in current clamp. On the basis of our findings as well as previous results, there are several scenarios under which endocannabinoids could be released and exert their effect. Our observation that synaptic activation evokes endocannabinoid release from SCs and BCs implies that brief bursts could influence the ability of granule cells to trigger spikes in SCs. We also demonstrated that calcium increases in SCs and BCs as a result of depolarizing steps evoke widespread endocannabinoid release during DSE. It is possible that under more physiological conditions, spiking activity in SCs can also trigger widespread calcium increases and endocannabinoid release, resulting in a global decrease in synaptic efficacy. Thus endocannabinoids could either reduce synaptic efficacy by a pathway-specific release of endocannabinoids or by global release of endocannabinoids after global calcium increases.
We performed experiments to examine these possibilities (Fig. 7) . We first recorded from SCs in current clamp, activated PF inputs at low frequency, and then tested the effect of PF activation with a brief burst (10 stimuli; 50 Hz) (Fig. 7A-F ) . In these experiments, small hyperpolarizing currents (20 -30 pA) were applied to suppress spontaneous activity, and stimulus intensities were adjusted to reliably ( p ϳ 1) trigger a spike with a single stimulus (Fig. 7B, left) . After stimulation with a burst (Fig. 7A) , PF activation no longer triggered a spike in the SC (Fig. 7B , middle), but that ability recovered after ϳ20 s (Fig. 7B, right) . Bath application of AM251 did not affect the SC response to the PF burst (Fig. 7C ), but bursts no longer affected the ability of PFs to trigger a spike (Fig. 7D) . SC firing in this experiment is summarized in a raster plot (Fig. 7E) . Similar results were obtained in four additional neurons (Fig. 7F ) . These findings establish that endocannabinoid release from SCs can transiently reduce the ability of PF synapses to trigger spikes in SCs.
It is possible that the spikes evoked during the conditioning burst contributed to the reduced ability of PF synapses to trigger an SC spike. We therefore evoked spikes with postsynaptic depolarizing steps of 300 ms duration instead of PF burst firing and monitored the ability of single stimuli to evoke spikes at low frequencies, before and after the depolarization (Fig. 7G-I ). Under those conditions, high-frequency firing had no effect on the ability of PF synapses to evoke single spikes in SCs (Fig. 7 H, I ). Thus, although depolarization produced more spikes than did PF bursts, no decrease in synaptic efficacy was apparent, indicating that high-frequency firing alone does not lead to widespread endocannabinoid release. Similarly, longer-lasting or multiple trains of spikes had no effect on PF-evoked spike probability (data not shown).
These experiments establish that brief PF bursts lead to a local release of endocannabinoids that reduces the ability of PFs to trigger spikes in SCs via retrograde synaptic inhibition. As a consequence, feedforward inhibition mediated by SCs onto their postsynaptic targets should be transiently reduced after PF bursts. We tested this possibility by recording from PCs, the main targets of feedforward inhibition (Fig. 7J ) of molecular layer interneurons (Eccles et al., 1967; Mittmann et al., 2005) . PCs were voltage clamped at the reversal potential of excitatory inputs (0 mV), and endocannabinoid release from PCs was blocked by the inclusion of BAPTA (20 mM) in the recording pipette. PF inputs were activated at large lateral distances (Ͻ100 m) to limit the activation of monosynaptic inhibitory inputs. Disynaptic IPSCs were evoked at short latencies (Fig. 7K) . After PF bursts (10 stimuli; 50 Hz), IPSC amplitude was transiently reduced to 0.56 Ϯ 0.06 of control (n ϭ 7 cells). Bath application of AM251 attenuated this reduction in all cells to 0.79 Ϯ 0.07 of control (Fig. 7K,L) .
Together, our results show that SSE at PF to SC synapses can transiently reduce synapse-evoked firing in SCs, thereby leading to a reduction in feedforward inhibition in PCs.
Discussion
Here we have shown that local interneurons in the cerebellum release endocannabinoids that transiently inhibit PF synaptic inputs. We found that SSE is mediated by the activation of either mGluR1s or NMDARs. Moreover, the activation of multiple PF inputs was required to induce SSE. This is consistent with the extrasynaptic location of both mGluRs and NMDARs, which requires the activation of multiple closely spaced synapses that results in the pooling of glutamate and spillover from the synaptic cleft. SSE led to a transient reduction of the ability of PF inputs to trigger spikes in the postsynaptic SC. As a consequence, feedforward inhibition exerted by SCs and BCs onto PCs and other postsynaptic targets was dynamically regulated.
Mechanisms of endocannabinoid release from stellate cells
SCs release endocannabinoids in response to either postsynaptic depolarization or brief bursts of high-frequency synaptic activation. Calcium increases and DAG lipase activation in postsynaptic SCs are crucial in mediating SSE at PF synapses. This finding contrasts with previous results at the same cell type, where a transient suppression of release probability after brief bursts was attributed to endocannabinoid spillover from neighboring PCs (Rancillac and Barbara, 2005) . The involvement of DAG lipase suggests that 2-AG is the endocannabinoid released from SCs in response to synaptic activation. Despite similarities to endocannabinoid release from PCs, release from SCs is distinct in important ways. For PF to PC synapses, mGluR1 antagonists greatly reduce synaptically evoked retrograde inhibition (Brown et al., 2003; Brenowitz and Regehr, 2005) , indicating that glutamate spillover and pooling lead to the activation of extrasynaptic mGluR1s on PCs. In contrast, mGluR1 antagonists alone barely alter retrograde inhibition at PF to SC synapses, although SCs also express mGluR1 (Hamori et al., 1996; Karakossian and Otis, 2004) . Although application of an NMDAR antagonist had only a minor effect on retrograde inhibition, blocking both NMDARs and mGluR1s greatly attenuated retrograde inhibition at PF to SC synapses. This suggests that, although mGluR1 contributes to 2-AG release from both cell types, mGluR1 activation is essential in PCs, whereas activation of either NMDARs or mGluR1s is sufficient to evoke the release of 2-AG from SCs.
These findings indicate a novel role for NMDARs in the release of endocannabinoids from SCs. Previous studies at the PF to SC synapse have shown that the NMDAR component of the PF EPSC is apparent only for high-intensity stimulation or after stimulus trains (Carter and Regehr, 2000; Clark and Cull-Candy, 2002 ). This suggests that glutamate pooling and spillover are important in the activation of extrasynaptic NMDARs. Based on the similar high affinity and extrasynaptic location of mGluR1s and NMDARs, it appears that NMDARs and mGluR1s play similar roles in SCs. They both have a high affinity for glutamate and are located at extrasynaptic sites that are suited for detecting glutamate that has escaped from the synaptic cleft.
Endocannabinoid release from interneurons
Our results are the first demonstration of retrograde inhibition of synaptic inputs mediated by endocannabinoid release from interneurons. Previous studies of inhibitory interneurons did not observe endocannabinoid-mediated effects on synaptic strength (Hoffman et al., 2003; Patenaude et al., 2005) , suggesting that the synthesis and release of endocannabinoids is not a general property of neurons. In the only previous description of endocannabinoid release from interneurons (Bacci et al., 2004) , sustained firing from a specific type of cortical interneuron led to a longlasting endocannabinoid-mediated autocrine persistent decrease in excitability (termed slow self-inhibition) mediated by postsynaptic CB1 receptors (retrograde synaptic inhibition was not examined). In contrast, although SCs and BCs express postsynaptic CB1Rs whose activation can suppress firing, neither spike trains nor PF bursts in SCs led to their activation. Selfinhibition was not apparent even when retrograde synaptic inhibition was prominent. Thus, cerebellar interneurons use endocannabinoids primarily to retrogradely control synaptic inputs rather than to regulate their own firing.
Functional consequences of SSE by interneurons
Interneurons throughout the brain are part of feed-forward inhibitory circuits that tightly control the spike timing of principal neurons Pouille and Scanziani, 2004; Blitz and Regehr, 2005; Gabernet et al., 2005; Mittmann et al., 2005) . For the cerebellum, most theories on the control of movement assume that the timing of action potentials in PCs in response to sensory activation is precisely controlled by the cerebellar cortical circuitry. In large part, this may be achieved by feed-forward inhibition of PCs mediated by both BCs and SCs (Eccles et al., 1967) . Anatomical and functional studies suggest that PCs are directly excited and then rapidly inhibited by interneurons that respond to the same set of active PF inputs (Eccles et al., 1967; Sultan and Bower, 1998; Brunel et al., 2004; Mittmann et al., 2005) . Thus, this circuitry might provide a narrow time window in which PF inputs onto PCs can be integrated effectively.
Here we have shown that brief bursts can transiently reduce the ability of PF inputs to generate action potentials in SCs because of SSE. Thus, high-frequency bursts in granule cells can transiently reduce feedforward inhibition in PCs. This might allow PCs to effectively integrate incoming excitatory inputs over a longer time window, thereby promoting certain forms of shortor long-term plasticity. Control of SC spiking and disynaptic inhibition by SSE. A-F, PF synapses were activated at 0.5 Hz before and after a brief PF burst (10 stimuli; 50 Hz) at t ϭ 0 s. Trials were repeated every 2 min, and 2 M AM251 was bath applied. The resting potential was maintained at Ϫ70 mV to suppress spontaneous firing. Stimulus durations for conditioning bursts were lower (150 s) than for low-frequency stimuli (200 s). A, C, Typical SC responses are shown for a representative experiment evoked by the burst in control conditions (A) and in the presence of AM251 (C). B, D, The response to a single PF activation is shown before the burst and 3 and 21 s after the burst in control conditions (B) and in the presence of AM251 (D). E, The SC firing for this experiment is shown in a raster plot, with AM251 applied in the bath at time t ϭ 0 min (vertical axis). Squares indicate individual action potentials. Conditioning bursts were applied at time t ϭ 0 s (horizontal axis). F, The probability of PF inputs evoking a spike in an SC as in A-E, before and after a conditioning burst applied at t ϭ 0 (n ϭ 5). G-I, Experiments as in A-F, but at t ϭ 0 s, postsynaptic spike trains were evoked with depolarizing steps (300 ms; 20 -30 pA) rather than with PF bursts. G, The responses to depolarization (H ) and to PF stimulation at different time points are shown for a representative experiment. I, The probability of PF activation evoking a spike in an SC as in G and H; n ϭ 5. J-L, SSE controls feedforward inhibition. J, Schematic of feedforward inhibitory circuitry. K, Disynaptic IPSCs recorded in PCs in voltage clamp, at a holding potential of 0 mV. Responses were evoked before (IPSC pre ) and 5 s after (IPSC post ) a brief burst of 10 PF stimuli (50 Hz), under control conditions (black traces) and after application of AM251 (gray traces). L, Summary of IPSC post /IPSC pre ratios in control conditions and in the presence of AM251 (open circles; n ϭ 7 cells). Closed circles indicate average, and dashed line indicates cell shown in K. P spike , Spike probability.
